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Abstract 


Carbon-supported Pd-Co bimetallic nanoparticle electrocatalysts of different Pd/Co atomic ratios were prepared by a modified polyol reduction. 
Electrocatalytic activities of the catalysts for the oxygen reduction reaction (ORR) have been investigated based on the porous rotating disk and 
disk-ring electrode techniques. As-prepared Pd-Co bimetallic nanoparticles evidence a single-phase fcc disordered structure, and the mean particle 
size is found to decrease with increase in Co content. A typical TEM image of the Pd,Co/C catalyst, heat-treated at 500 °C, reveals a mean particle 
diameter is ca. 8.3 nm with a relatively narrow size distribution. For synthesized Pd-Co catalysts, the highest catalytic activity for the ORR, when 
supported on carbon (i.e., Pd-Co/C) was found for a Pd:Co atomic ratio of 2:1 and heat treatment at ca. 500°C, corresponding to a Pd-Pd mean 
interatomic distance of ca. 0.273 nm. Kinetic analysis based on the rotating disk and disk-ring electrode measurements reveals that the ORR on 
Pd-Co/C catalysts undergoes a four-electron process in forming water. Because the Pd-Co/C catalyst is inactive for the adsorption and oxidation 
of methanol, it may function as a methanol-tolerant ORR catalyst in a direct methanol fuel cell. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Proton exchange membrane fuel cells (PEMFCs), including 
the direct methanol fuel cell (DMFC), have received consider- 
able attention for applications in the transportation arena, due 
to their high energy density, relatively low operating tempera- 
tures, zero or low emission of pollutants, and minimal corrosion 
problems [1—4]. However, the commercial viability of PEMFCs 
is still impacted by several problems, including poor kinetics of 
both the anodic and cathodic reactions and the high costs of Pt- 
based electrocatalysts [5,6]. Even under open-circuit condition, 
the overpotential for oxygen reduction in PEMFCs is around 
0.2-0.3 V, due to irreversibility of the oxygen reduction reac- 
tion (ORR) and to the “mixed potential effect” that is caused 
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by the competitive reaction between the adsorption of oxygen 
molecules on Pt surface and the formation of Pt oxide [7,8]. As a 
result, there proves substantial room for improvement in oxygen 
reduction kinetics. Indeed, extensive research for a number of 
decades has focused on the development of more active oxygen 
reduction catalysts as well as cheaper catalysts than Pt. 

An additional issue is associated with a crossover phe- 
nomenon in which methanol penetrates from the anode, through 
the electrolyte membrane, to the cathode compartment, result- 
ing in a significant loss in coulombic and voltage efficiencies of 
DMECs when Pt/C is used as the cathodic catalyst; the main rea- 
son for the loss is oxidation of methanol at the cathode [9,10]. To 
avoid this problem, strategies include the development of novel, 
less methanol permeable membranes, possibly from modifica- 
tion of existing membranes [11,12]; the use of oxygen reduction 
catalysts that are inactive towards methanol oxidation or have a 
high methanol tolerance. Efforts in the later regard have involved 
the utilization of the ORR selective electrocatalysts, such as tran- 
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sition metalloporphyrins [13,14], transition metal sulfide [15], 
and Ru alloy [10,16]. However, the intrinsic catalytic activities 
of these catalysts for the reduction of oxygen are lower than 
that of Pt-based catalysts, and the long-term stability under fuel 
cell operating conditions at high potentials is also not as good as 
Pt-based catalysts. As aresult, research dealing with the develop- 
ment of novel Pt-based electrocatalysts that can catalyze oxygen 
reduction but limit the oxidation of methanol has been of inter- 
est. And, indeed, several Pt alloy catalysts, in comparison to 
pure Pt, have exhibited a high methanol tolerance during the 
ORR [17,18]. However, the long-term stability of Pt alloy cata- 
lysts in a functioning DMFC is an anticipated fundamental issue 
since dissolution of non-noble metal components within the Pt 
nanosized alloy during fuel cell reactions would result in a sig- 
nificant decrease in methanol tolerance [19-21]. Therefore, it is 
highly desirable to develop new methanol-tolerant electrocata- 
lysts that are more active for the ORR than catalysts that have 
been reported. 

Efforts towards this latter end have involved catalysts contain- 
ing Pd. Pdis more abundant and cheaper than Pt and its long-term 
stability in acidic media may be comparable with Pt; but its cat- 
alytic activity towards the ORR is several times lower than that 
for Pt and its alloys [22,23]. Recent reports, however, have shown 
that the catalytic activity of Pd-based catalysts for the ORR can 
be improved significantly by adding elements like Co, Ni, Cr, Fe, 
etc. Also, Pd-transitional metal alloy may be a good candidate 
as a methanol-tolerant ORR electrocatalyst in a DMFC because 
Pd catalyst is inactive for adsorption and oxidation of methanol 
[24-33]. Examples of works that support the use of Pd and its 
alloys as electrocatalysts include the following: (1) the report 
that sputtered Pd-transitional metal alloys exhibit a high cat- 
alytic activity and a good selectivity for the ORR in the absence 
and presence of methanol [24,33]; the authors suggest that the 
enhanced ORR activity of Pd-Co alloys might be attributed to an 
electronic stabilization of the added alloy element in the alloy. 
(2) It has been reported that Pd-based electrocatalysts with suit- 
able metal combinations and optimum compositions exhibit high 
catalytic activity for the ORR; the ORR activity of the Pd-Co/C 
catalysts with a Co content of 10-30% is found to be close 
to that of Pt/C [25-28]; also, three carbon-supported Pd-based 
alloy electrocatalysts, Pd-Co-Au, Pd-Ti, and Pd-Co-Mo, have 
been prepared and their electrocatalytic activity is found to be 
comparable with Pt for the ORR in a PEMFC [28]. (3) CoPd3/C 
electrocatalysts have been prepared by electrodeposition, and an 
enhanced ORR activity on such a catalyst in a 5 cm? PEMFC 
was found [29]. (4) Other investigators have analyzed the ORR 
kinetics of the CoPd system [30]; a similar ORR mechanism 
was found for both PdCo/C and Pt/C catalysts. And (5), recently, 
researchers have reported that carbon-supported Pd nanoparti- 
cles modified with Co became very active for the ORR [31,32]; 
these authors also reported that the catalytic activity of Pd3Fe/C 
electrocatalyst prepared by thermal treatment surpassed that of 
the state-of-the-art Pt/C catalyst and that the enhanced catalytic 
activity is due to the more favorable Pd—Pd interatomic distance. 

The particle size of Pd-based catalysts, as reported in liter- 
atures [25—28,32], is large, thus there proves to be significant 
room for improvement in ORR mass activity. Challenges to be 


met for the preparation of improved Pd alloy catalysts include 
the need for synthesis procedures resulting in catalysts with 
desirable composition, small particle size and a narrow size dis- 
tribution. In the present paper, Pd-Co/C bimetallic catalysts with 
different atomic ratios were prepared by a modified polyol reduc- 
tion process and then heat-treated at various temperatures, with 
the aim being to increase the ORR activity and to decrease the 
particle size of Pd-based catalysts. ORR activities were evalu- 
ated in an acid medium in the absence and presence of methanol. 
Also, ORR kinetics was analyzed, using a rotating disk electrode 
(RDE) as well as a rotating ring-disk electrode (RRDE). 


2. Experimental 
2.1. Catalyst preparation 


The polyol reduction route has been employed previously 
for the preparation of Pt alloy nanoparticle catalysts [34,35]. 
Few studies dealing with preparation of Pd-based catalysts have 
been reported [36,37]. We have prepared in the present study 
Pd-Co/C catalysts by way of a modified polyol reduction synthe- 
sis. Briefly, the procedure involved mixing palladium chloride 
(PdClz) and cobalt chloride (CoCl2-6H20) ultrasonically in 
ethylene glycol (EG) solution. XC-72 carbon was then added 
under constant stirring. The Pd loading within the catalysts was 
controlled at a weight percent of 20 wt%; Co content was cal- 
culated according to Pd:Co atomic ratio of the desired product. 
NaOH in EG was then added to adjust the pH of the solution. 
Unless stated otherwise, the reaction temperature was kept at 
100°C for 6h. The preparation process was conducted under 
flowing nitrogen. After cooling to room temperature, the mix- 
ture was filtrated, washed and dried at ca. 110°C for more than 
6h. The resultant catalysts are denoted herein as as-prepared 
Pd-Co/C catalysts. The as-prepared Pd-Co/C catalysts were sub- 
sequently heat-treated at various temperatures between 400 and 
700 °C in an atmosphere of flowing 10 vol% H2-90 vol% No for 
2h, then cooled to room temperature. 


2.2. Physical characterization 


The analysis of the composition of catalysts was per- 
formed with an IRIS Advantage inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) system (Thermo, 
America). X-ray diffraction (XRD) measurements utilized a 
Rigaku D/MAX-2000 diffractometer with a Cu Ka radiation 
(1.54056 A). The tube voltage was maintained at 40 kV and tube 
current at 100 mA. Diffraction patterns were collected from 10° 
to 90° at a scanning rate of 2° min™!, and with a step size of 
0.02°. The mean particle size, the lattice parameter and Pd—Pd 
interatomic distance were calculated from the (220) diffrac- 
tion plane using the Scheerer equation and the Bragg equation, 
respectively [32]. The surface areas were estimated using an 
equation S = 6000/rd [25-28], where r is the particle size in nm, 
obtained from the XRD data, and d is the density of the Pd- 
Co bimetallic catalyst. The density values used were 12.0 and 
8.9 g cm7? for Pd and Co, respectively. The sample for trans- 
mission electron microscopy (TEM) analysis was prepared by 
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ultrasonically suspending the catalyst powder in ethanol. A drop 
of the suspension was then placed onto a clean holey copper grid 
and dried under air. The morphology of the sample was char- 
acterized using a Technai G2 20s-Twin Microscope (FEP Inc., 
America) operated at 200 kV. 


2.3. Electrochemical characterization 


Porous electrodes were prepared as described previously 
[3,7]. Ten milligrams of Pd-Co/C catalysts, 0.5 mL of Nafion 
solution (5 wt%, Aldrich) and 2.5 mL of ultrapure water were 
mixed ultrasonically. A measured volume (ca. 3 wL) of this ink 
was transferred via a syringe onto a freshly polished glassy 
carbon disk (GC, 3 mm diameter). After the solvents were evap- 
orated overnight at room temperature, the electrode was used as 
the working electrode. Each electrode contained ca. 28 wg cm~? 
of Pd. 

All chemicals were of analytical grade. All the solutions 
were prepared with ultrapure water with a specific resistance of 
>18MQcm7!. Electrochemical measurements were performed 
using an M 273A Potentiostat/Galvanostat (Princeton, USA) and 
a conventional three-electrode cell. The catalytic activity for the 
ORR was measured with a rotating disk electrode and a rotat- 
ing ring-disk electrode mounted with a BM-ED 1101 electrode 
(Radiometer, France). The counter electrode was a glassy car- 
bon plate, and a saturated calomel electrode (SCE) was used as 
the reference electrode. All potentials, however, are referenced 
with respect to the reversible hydrogen electrode (RHE). Prior to 
any electrochemical measurements, the porous electrodes were 
cycled between 0.05 and 1.00 V at a scan rate of 50 mV s7! 
under N? until reproducible cyclic voltammograms (CVs) were 
obtained (ca. 15 cycles), in order to remove any contaminants 
from the electrode. The upper potential was set to ca.1.00 V so 
that any change in particle size could be avoided. High-purity 
nitrogen or oxygen was used for deaeration of the solutions. 
During the measurements, a gentle gas flow was kept above the 
electrolyte solution. 

All experiments were carried out at a temperature of 
25+1°C. 


3. Results and discussion 


3.1. Physical characterization of Pd-Co/C bimetallic 
catalysts 


The practical composition of the Pd-Co/C catalysts was 
evaluated by ICP-AES analysis. The obtained ICP-AES com- 
positions for all the catalysts are listed in Table 1. The practical 
compositions of the as-prepared Pd-Co/C bimetallic catalysts are 
found to be nearly the same as the stoichiometric values, indi- 
cating that Co may be alloyed with Pd for the modified polyol 
synthesis reduction procedure used. 

Fig. la shows the XRD patterns of the as-prepared Pd- 
Co/C bimetallic catalysts, while Fig. 1b shows that for Pd2Co/C 
catalysts heat-treated at various temperatures; for the sake of 
comparison, the Pd/C catalyst prepared by a similar procedure is 
also shown in Fig. la. As shown in Fig. 1a, all the XRD patterns 


Table 1 

Composition and structure of the Pd/C and Pd-Co/C bimetallic catalysts 
Sample Composition from Particle Lattice SXRD 

ICP-AES (Pd:Co) size (nm) parameter (nm) (m? g7!) 

Pd/C 100 4.5 0.3895 111.1 
Pd4Co/C 81.3:18.7 3.0 0.3889 172.1 
Pd3Co/C 76.8:23.2 2.8 0.3888 186.0 
Pd2Co/C 62.9:37.1 2.6 0.3888 203.7 
Pd3Co2/C 61.1:38.9 2.2 0.3885 244.3 
PdCo/C 51.0:49.0 1.8 0.3877 305.9 


clearly show five main characteristic peaks of face-centered- 
cubic (fcc) crystalline Pd, namely, the planes (111), (200), 
(220), (311) and (222), indicating that all the as-prepared 
catalysts mainly possess the single-phase fcc disordered struc- 
ture (solid solution). The five diffraction peaks in Fig. la for 
the Pd-Co bimetallic catalysts are shifted slightly to higher 20 
values with respect to the corresponding peaks in the Pd/C cat- 
alyst, indicating the effect of increased amounts of Co in the 
Pd-Co bimetallic catalysts. In Fig. 1b, there are also five main 
diffraction peaks for fcc Pd2Co/C catalysts heat-treated at var- 
ious temperatures. With increase in heating temperature, these 
diffraction peaks shift to higher angle relative to pure Pd. Such 
angle shifts reveal alloy formation between Pd and Co with 
increase in heating temperature, and indicate lattice contractions, 


Intensity /a.u. 


Intensity / a.u. 


Fig. 1. X-ray diffraction patterns of (a) Pd/C and Pd-Co/C bimetallic catalysts 
prepared with polyol reduction and (b) the Pd2Co/C alloy catalysts heat-treated 
in 10% vol-H2 and 90% vol-N> atmosphere at various temperatures. 
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Table 2 

Structural parameters of heat-treated Pd2Co/C alloy catalysts 

Sample Particle Pd-Pd interatomic Lattice SXRD 

size (nm) distance (nm) parameter (nm) (m? g7!) 

As-prepared 2.6 0.2750 0.3889 203.7 
400°C 6.4 0.2741 0.3876 108.1 
500°C 7.9 0.2732 0.3864 96.3 
600°C 9.6 0.2736 0.3869 72.6 
700°C 11.2 0.2739 0.3873 66.2 


which are caused by the incorporation of Co into the Pd fcc struc- 
ture. Angle shift increases and lattice parameter decreases with 
increase in heating temperature suggest an increased degree of 
alloying. Although no reflections corresponding to pure Co and 
its oxides are found, their presence may not be completely ruled 
out due to their smaller concentration levels and possibly poor 
crystallinity. 

The mean particle sizes calculated from XRD patterns for all 
catalysts are shown in Tables 1 and 2. The mean particle size, 
as shown in Table 1, decreases with increase in Co content for 
the as-prepared catalysts; the lattice parameters of as-prepared 
Pd-Co bimetallic catalysts are also provided. The lattice param- 
eters obtained for all the as-prepared Pd-Co/C catalysts are 
smaller than that of Pd/C and show a decrease with increase 
in Co content, indicative of a lattice contraction upon alloying. 
Additionally, as shown in Table 2, the average particle size for 
the Pd2Co/C catalysts generally increases with heat-treatment 
temperature; the Pd—Pd interatomic distances of the Pd2Co/C 
catalysts are also provided. The minimum Pd-—Pd interatomic 
distance for the Pd2Co/C catalysts is found to be ca. 0.273 nm 
at a heat treatment temperature of 500°C. 

The XRD-determined surface areas (Sxpp) are also provided 
in Tables 1 and 2. As indicated in Table 1, Sxrp increases with Co 
content for the as-prepared catalysts. However, Sxrp in Table 2 
is shown to decrease at higher heat treatment temperatures for 
the Pd2Co/C alloy, attributed to the increase in particle size. 

Fig. 2 shows a typical TEM image of a Pd2Co/C catalyst 
heat-treated at 500°C and the corresponding particle size dis- 
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(a) Pt/C 
(b) Pd ,Co/C 


(c) Pd,Co/C 


(d) Pd,Co/C 
(e) Pd,Co/C 


(£) PdCo/C 
(8) Pd/C 


Current density/mAcm 


0.2 0.4 0.6 


E / V(vs RHE) 
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Fig. 3. Linear scan voltammgrams (LSVs) of Pt/C catalyst, and as-prepared 
Pd/C and Pd-Co/C bimetallic catalysts prepared with only polyol reduction in 
0.1 M HCIO; saturated with pure oxygen at a scan rate of 5mVs~! and with 
a rotation speed of 1600 rpm. Current density is normalized to the geometrical 
surface area of the electrode. 


tribution histogram based on the observation of more than 300 
nanoparticles. As can be seen, the Pd2Co alloy nanoparticles 
are well dispersed on the surface of the support with a rela- 
tively narrow particle size distribution, and the mean particle 
size is about 8.3 + 3.1 nm in diameter, which is in fairly good 
agreement with the data calculated from XRD. The ascertained 
mean particle size is smaller than those reported by others for 
Pd-based catalysts, which may be beneficial for increasing in 
the ORR mass activity. Hence, the catalyst preparation proce- 
dure via a modified polyol reduction route may be a method 
for obtaining nanosized alloy catalysts with a narrow particle 
distribution and a good dispersion on a support. 


3.2. Electrochemical characterization of the Pd-Co/C 
bimetallic catalysts 


Fig. 3 is acomparison of the ORR on Pt/C and as-prepared Pd- 
Co/C bimetallic catalysts under similar experimental conditions. 
For the sake of comparison, the ORR on the Pd/C catalyst pre- 


Particle size / nm 


Fig. 2. TEM image and the corresponding particle size distribution histogram of Pd2Co/C catalyst heat-treated at 500 °C. 
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pared by a similar procedure is also shown in the figure. From the 
figure, the ORR on all the catalysts is diffusion-controlled when 
the potential is less than 0.55 V, and is under mixed diffusion- 
kinetic control in the potential region between 0.55 and 0.80 V. 
When the potential is higher than 0.80 V, the ORR is under 
kinetic control in the Tafel region. It is worth mentioning that the 
limiting current density decreases with increase in Co content 
(for the as-prepared Pd-Co/C bimetallic catalysts), probably due 
to the difference in the hydrophilic/hydrophobic behavior of the 
catalysts. As can be seen, all the as-prepared Pd bimetallic cata- 
lysts exhibited lower ORR overpotential than the Pd/C catalyst, 
assessing that the alloying of Pd with Co leads to an increased 
ORR activity. In the kinetic and mixed regions, the highest cat- 
alytic activity for the ORR among all the Pd-based catalysts was 
found with a Pd:Co atomic ratio of 2:1. However, the ORR over- 
potential on all of the Pd-based catalysts is higher than that on 
the Pt/C catalyst, indicating that the ORR activity on Pd-based 
catalysts is lower than that on the Pt-based catalysts in pure 
acidic solution. 

Fig. 4 shows a comparison of the ORR on the Pt/C and 
Pd2Co/C alloy catalysts that were heat-treated at various temper- 
atures under similar experimental conditions. One can see that 
the maximum catalytic activity for the Pd2Co/C alloy catalysts is 
found at a heat treatment temperature of 500°C, indicating that 
the heat treatment of the catalysts has a significant influence on 
ORR activity. The increase in catalytic activity for the catalysts 
treated from 400 to 500 °C is probably due to an increase in the 
degree of alloying, while the decrease in catalytic activity from 
500 to 700°C may be due to an increase in particle size. It is 
known that both geometric and electronic parameters are two key 
factors in determining the chemisorption behavior of oxygenated 
species and catalytic activity for the ORR [7,28]. The relation- 
ship between kinetic current density (Jx) at 0.75 V (versus RHE) 
and Pd—Pd interatomic distance is plotted in Fig. 5. A nearly 
linear correlation is observed between J, and the Pd—Pd inter- 
atomic distance as a function of the heat treatment temperature. 


< 
a 8 7 
= Pd,Co/C@500 °C 
5 6 
3 4 
Q 
co 2 
Z 0 
a- Pv/C 
S] b - as-prepared 
= el 
5 c- 400°C 
< d- 500°C 
BS 29) e- 600°C b 
z f - 700°C 
3 skia 
5 4 
5 ap mene aad 
oO a 
0.2 0.4 0.6 0.8 1.0 
E /V (vs RHE) 


Fig. 4. LSVs of the Pt/C and Pd2Co/C catalysts heat-treated in 10% H2—90% 
N2 atmosphere at various temperatures in 0.1 M HC1Oy, saturated with pure 
oxygen. The other conditions are identical to those of Fig. 3. Current density is 
normalized to the geometrical surface area of the electrode. The ring currents, 
RRDE data, for hydrogen peroxide production are compared. 


T r 0.2730 
0.024 

— „10272 
0.020 £ 
3 
Fs 0.2734 2 
i E 
Ə 0.016 2 
< 0.2736 3 
£ E 
= 6 
dy he? P=) 
> 0.012 —o— Kinetic current 0.2738 = 
—4— Pd-Pd bond diatance A AN 
0.008 0.2740 & 

i = R i— 0.2742 

400 500 600 700 


Heat treatment temperature / °C 


Fig. 5. Effect of heat treatment temperature on the kinetic current density at 
0.75 V for the Pd2C0/C catalyst. Pd-Pd interatomic distance calculated from 
XRD data. 


The largest value for the ORR activity for Pd2Co/C catalysts is 
obtained at a heat treatment temperature of 500 °C, correspond- 
ing to a Pd—Pd interatomic distance of ca. 0.273 nm. In general, 
the activity enhancement for the ORR on Pt-based alloy cata- 
lysts is attributable to changes in Pt mean interatomic distance 
and Pt-M composition. As reported [3,38,39], the appropriate 
Pt-Pt mean interatomic distance for adsorption and reduction 
of oxygen is between 0.271 and 0.275 nm; by coincidence, the 
Pd—Pd mean interatomic distance of a Pd2Co/C treated at 500°C 
is located in this range. For the Pd-based catalysts, it has been 
reported that the highest ORR activity of Pd-Fe/C alloy elec- 
trocatalysts is obtained with a Pd—Pd interatomic distance of 
0.273 nm [32]. Consequently, it is likely that the high ORR activ- 
ity that we have found for the (heat-treated at 500 °C) Pd2Co/C 
catalyst is associated with an optimal Pd—Pd interatomic distance 
for the adsorption and reduction of oxygen. 

RRDE data shown in Fig. 4 are also illustrative of the ORR 
pathway [4e” (water formation) or 2e” (hydrogen peroxide 
formation)] on the Pt/C catalyst and Pd2Co/C alloy catalyst 
heat-treated at 500°C. The ring current is found to be negli- 
gible compared to the disk current for potentials above 0.6 V, 
indicating that the ORR proceeds without peroxide production. 
The ring current monotonicallly increases, starting from poten- 
tials lower than 0.6 V, and the amount of peroxide formed on 
the Pd2Co/C alloy catalyst is higher than that formed on pure 
Pt. The fraction of peroxide, Xy,0,, at a typical fuel cell oper- 
ating potential of 0.70 V/RHE, was evaluated from disk current 
(Up), ring current (Ig) and collection factor (V=0.20) using the 
equation: X},0, = 2Ip/N/(Up + Ir/N) [3,7]. The fractions are 
0.22 and 0.84% for the Pt/C and Pd2Co/C catalysts, respec- 
tively. Thus, the ORR reveals negligible peroxide production 
on the Pd2Co/C alloy catalyst while the ORR on the Pd2Co/C 
alloy catalyst indicates a four-electron process leading to water 
formation. 

Fig. 6 shows LSVs of the Pd2Co/C catalyst heat-treated at 
500°C in 0.1 M HC10, electrolyte saturated with pure oxy- 
gen at different rotation speeds. It can be seen that the ORR 
activity in the kinetic region is essentially the same at the dif- 
ferent speeds. In the mixed and diffusion-controlled regions, the 
catalytic current depends on the rotation speed. Fig. 7 shows 
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Fig. 6. LSVs of the Pd2Co/C catalyst heat-treated at 500°C in 0.1 M HC104 
saturated with pure oxygen at a scan rate of 5 mV s~!, at different rotation speeds. 
Current density is normalized to the geometrical surface area of the electrode. 


selected Koutecky—Levich plots obtained for the catalyst, heat- 
treated at 500°C. All plots in Fig. 7 are nearly straight lines 
within the fitting error, indicating a first-order oxygen reduc- 
tion reaction. From the Koutecky—Levich equation J~! = Te l4 


(0.62n FD2/3Cy-!/6qy!/2)_! and the measured slopes, the 
apparent number of electrons transferred per oxygen molecule 
on the catalyst can be calculated. To calculate the Levich con- 
stant, we used a bulk O2 solubility of 1.18 x 1076 mol cm~’, 
a diffusion coefficient of 1.9 x 1075 cm? s~! and a kinematic 
viscosity of 8.93 x 1073 cm? s~! for HC1O4 solution [40]. Cal- 
culated results reveal that the ORR on the Pt/C and Pd-Co/C 
catalysts undergoes a four-electron process to water, in good 
agreement with RRDE results. 

It is well known that the crossover of methanol from the 
anode to the Pt cathode can lead to a further reduction in cell 
voltage, by ca. 200-300 mV. There is a competitive reaction 
between oxygen reduction and methanol oxidation on Pt-based 
cathodes. Thus, it is highly desirable to develop selective-ORR 
electrocatalysts that have a high methanol tolerance for DMFC 
applications. Fig. 8 shows ORR on the Pt/C and Pd2Co/C alloy 
catalyst heat-treated at 500°C in 0.1 M HC10, solution, in the 
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Fig. 7. Koutechy—Levich plots for the ORR in 0.1 M HC10; on the Pt/C and 
Pd2Co/C catalysts heat-treated at 500°C. Current density is normalized to the 
geometric surface area of the electrode. 
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Fig. 8. LSVs of oxygen reduction on the Pd2C0/C alloy catalyst heat-treated at 
500 °C and the commercial Pt/C catalyst in 0.1 M HC1O, solution in the absence 
and presence of 1 M CH30H saturated with pure oxygen. Other conditions are 
identical to those of Fig. 3. 


absence and presence of 1 M CH3OH saturated with pure oxy- 
gen. For the ORR on pure Pt catalyst in methanol-containing 
solution, the overpotential increases by ca. 200 mV. The signif- 
icant increase in overpotential of the ORR on pure Pt catalyst is 
due to the competitive reaction between oxygen reduction and 
methanol oxidation. By using the Pd-Co alloy catalyst, there is 
also an activity decrease for the ORR in methanol-containing 
electrolyte. However, the potential loss on such Pd-Co catalyst 
is ca. 15 mV in comparison to that in pure acid solution. From 
the figure, it is very clear that the ORR activity on the Pd-Co 
alloy catalyst in methanol-containing solution is much higher 
than that on pure Pt, indicating that Pd2Co/C exhibits a high 
ORR selectivity in the presence of methanol in acid medium. 
Furthermore, all the Pd-Co/C catalysts were found to exhibit 
the same characteristics as the Pd2Co/C alloy for the adsorption 
and oxidation of methanol. As is well known, Pd is inactive for 
the adsorption and oxidation of methanol, and the addition of Co 
to Pd has been found to have no effect on adsorption and oxida- 
tion of methanol. Hence, the Pd-Co/C catalyst represents a new 
and promising type of catalyst for selective-ORR in a DMFC. 


4. Conclusions 


Carbon-supported Pd-Co bimetallic nanoparticles of rel- 
atively small particle size and single-phase fcc disordered 
structure have been prepared via a modified polyol reduction, 
followed by a heat treatment at evaluated temperatures. For the 
as-prepared Pd-based catalysts, the observed maximum ORR 
activity was found with a Pd/Co atomic ratio of 2:1 and for heat 
treatment temperature of 500 °C. The enhanced catalytic activity 
of the Pd2Co/C may be ascribed to the Pd—Pd having, as a result 
of the synthesis method, by coincidence an appropriate inter- 
atomic distance for the adsorption and reduction of molecule 
oxygen. Furthermore, Pd-Co/C catalysts have a very good ORR 
selectivity in the presence of methanol. Thus, Pd-Co/C catalyst 
may be a new, promising catalyst for the selective-ORR in a 
DMEC. Further investigations, including a comparison of the 
ORR activity of Pd-Co/C catalysts with different atomic ratios, 
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with heat treatment at the same temperature, and a range of 
particle sizes is underway. 
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